Novel fluorine-containing aromatic polyimides having perfluorooctyl group were synthesized through the conventional two-step method; the ring-opening polyaddition of N,N-bis(4-aminophenyl)-4-perfluorooctylaniline to aromatic tetracarboxylic dianhydrides in a polar aprotic solvent at room temperature giving polyamic acids with inherent viscosities of 0.4-0.6 dUg, which were subsequently subjected to thermal cyclodehydration affording yellow to dark red, transparent, and flexible polyimide films. All the polyimides were insoluble in organic solvents. The polymer films had moderate tensile strength of 50-70 MPa, high contact angles of water and methylene iodide of 98° and 69°, respectively, which indicating low surface free energy. The glass transition temperatures of polymers were in the range of 234247 °C and the 10 % weight loss temperatures were around 500 °C in air.
Introduction
Aromatic polyimides are well recognized as highly thermally stable polymers that have high glass transition temperature, wide chemical resistance, and relatively low dielectric constant, and then have found wide applications in the aerospace, microelectronic, and optical engineering. [1] Fluoropolymers such as poly(tetrafluoroethylene) have proven to be a very interesting and useful class of materials due to their unique balance of properties: water and oil repellency, low water absorption, low refractive index, low dielectric constant, low coefficient of friction, high thermal stability, and chemical resistance. [2] Therefore, it is of particular interest to incorporation these unique properties into aromatic polyimides. Incorporation of fluorine atom or trifluoromethyl group into polyimide backbones has been found to generally bring about low dielectric constant, low moisture absorption, low refractive index, high optical transparency, and good solubility in organic solvents. [3, 4] Introduction of perfluoroalkyl group pendant along the polyimide backbone is an interesting way of incorporating a high level of fluorine atom into the polymer without greatly affecting the backbone stiffness and thus extremely reducing the thermal stability of aromatic polyimides. To clarify the effect of perfluoroalkyl group on the properties of the polymers, some efforts were made to prepare the polyimides derived from 5-perfluorononenyloxy-1 ,3-diaminobenzene, 5-(1H, 1 H, 2H, 2H-perfluorodecyloxymethyl)-1, 3-diaminobenzene, 4-(1H, 1 H-perfluoroalkyloxy)-1, 3-diaminobenzene, and 5-(1H, 1H-perfluoroheptyl)-1 ,3-diaminobenzene, [5] [6] [7] [8] However, the synthesis and properties of the aromatic polyimides containing perfluoroalkyl pendant attached to the polymer backbone have not been reported to date. Our approach provides a novel fluorine-containing aromatic diamine monomer, N,N-bis(4-aminophenyl)-4-perfluorooctylaniline, which having perfluoroalkyl group introduced directly onto the aromatic ring. Therefore, this monomer allows high fluorine content and shows good nucleophilicity, compared with the conventional fluorine-containing aromatic diamines. The present article describes the synthesis of perfluoroalkyl-containing aromatic polyimides by the polymerization of the new perfluoroalkylated monomer with aromatic tetracarboxylic dianhydrides. The characteristics of the polyimides such as solubility, mechanical and surface properties, and thermal behavior are also discussed.
Experimental
Materials. Reagent grade aromatic tetracarboxylic dianhydrides such as pyromellitic dianhydride, 4,4' -oxydiphthalic anhydride, 4,4' -carbonyldiphthalic anhydride, 4,4' -(hexafluoroisopropylidene)diphthalic anhydride, and 4,4' -sulfonyldiphthalic anhydride were used after the purification by the sublimation. N-Methyl-2-pyrrolidone (NMP) and hexamethylphoshoramide (HMPA) for the polymerization were purified by distillation after drying with calcium hydride. 1-Iodoperfluorooctane, 4-iodoaniline, copper powder (63 µm), and cesium fluoride were obtained commercially and used without further purification.
Monomer Synthesis.
4-Perfluorooctylaniline.
In an flask was placed a mixture of 25.0 g (0.11 mol) of 4-iodoaniline, 62.3 g (0.11 mol) of 1-iodoperfluorooctane, 36.2 g (0.57 mol) of copper powder in 100 mL of dimethylsulfoxide (DMSO) under nitrogen atmosphere. The mixture was heated at 120 9C for 10 h. After cooling the mixture, the copper powder was removed by filtration. The solution of the filtrate in dichloromethane was washed with water, dried over anhydrous sodium sulfate. The product was purified by two distillation to give 44.6 g (77 %) of white needle crystals: mp 40-41 9C (lit. [9] 42-43 9C); by 123 9015 Torr (lit. [9] 86-88 °C11.5 Torr); IR (KBr) 3495 (NH2), 3395 (NH2), 1209 (CF), and 1 150 (CF) cm-1;1H NMR spectrum (CDC13 , 400 MHz) 8 3.96 (s, 2H, NH2), 6.69 (d, 2H, J = 9.0 Hz, aromatic), and 7.33 (d, 2H, J = 9.0 Hz, aromatic) ppm ; 19F NMR (CDC13 , 90 MHz) b -81.2 (3F, CF3), -109.2 (2F, CF2-C6H4), -121 .6 (8F, CF2CF2CF2CF2), -122.4 (2F, CF2-C2F5), and -126.2 (2F, CF2-CF3) ppm.
To a solution of 5.1ig (10 mmol) of 4-perfluorooctylaniline in 25 mL of dry tetrahydrofuran, 10 mL (47 mmol) of hexamethyldisilazane (HMDS) and 2 mL of trimethylsilyl chloride (TMSC1) were added dropwise with stirring at room temperature under nitrogen. The mixture was stirred at that temperature for 1 h, at 60 °C for 2 h, and then at 80 °C for 12 h under nitrogen. The crude product was obtained by removing the solvent from the reaction solution under nitrogen. Two vacuum distillations All the other polymers were prepared by the similar procedures described above.
Measurements. IR spectra were recorded on a JASCO FTIIR7300 spectrophotometer. 1H NMR and 19F NMR spectra were recorded on Bruker AC400P (400 MHz) and Varian FX90A (90 MHz), respectively. Elemental analysis were run in a Perkin-Elmer Model 2400CHN analyzer. Thermogravimetry (TG) and differential scanning calorimetry (DSC) were performed with Seiko TGII TA320 and D5C220, respectively. Tensile properties were determined from stress-strain curves obtained with a Simadzu Autograph 5-100 at an elongation rate of 10 mm/min. Measurements were performed at room temperature with film specimens (5.0 cm of gauge length, 1.0 cm wide, 40-50 µm thick ). Contact angles of water and methylene iodide were measured using a Erma G-1 goniometer under a circumstance of 20 °C and 60 % humidity.
Results and Discussion
Synthesis of Monomer. The synthesis route of N,N-bis(4-aminophenyl)-4-perfluorooctylaniline (I) is shown in eq.(1):
C$F17 C$F1 I 4-Perfluorooctylaniline was prepared simply by Ullmann coupling reaction of 1-iodoperfluorooctane with 4-iodoaniline with copper powder in DMSO at 120 CC. The N-silylated compound was easily obtained by the silylation reaction using HMDS and catalytic amount of TMSCI. In our previous paper, a facile synthetic route for 4,4'-dinitorotriphenylamine, non-fluorine containing dinitro compound, was demonstrated through the cesium fluoride-promoted reaction of aniline or N-trimethylsilylated aniline with 4-fluoronitrobenzene. [10] This method was applied to the synthesis of N,N-bis(4-nitrophenyl)-4-perfluorooctylaniline, perfluoroalkylated dinitro compound, by the reaction of the N-silylated compound with 4-fluoronitrobenzene.
Diamino compound (I) was obtained readily by a usual catalytic reduction of the dinitro compound. The structures of the dinitro and diamino compounds were confirmed by elemental analysis and IR, 1H NMR, and 19F NMR spectroscopy. The results were in good agreement with the proposed structures.
Synthesis of Polymers. Novel perfluorooctyl-substituted aromatic polyimides (IV) were synthesized by a conventional two-step procedure starting from diamine (I) and aromatic tetracarboxylic dianhydrides (II) through the ring-opening polyaddition and subsequent thermal cyclodehydration [eq. (2)].
The results are summarized in Table I . The ring-opening polyaddition in polar aprotic solvents such as NMP or HMPA at room temperature afforded polyamic acids (III) with inherent viscosities between 0.4 and 0.6 dUg, indicating the enough molecular weight to form the films. Transparent and flexible films of the polyamic acids could be obtained by casting from the resulting polymer solutions. The thermal conversion to yellow or dark red and transparent polyimide films was carried out by successive heating of the polyamic acids in the form of films to 300 °C under vacuum. In the IR spectra, the polyimide films exhibited characteristic imide absorptions at 1790, 1725, 1375, and 725 cm-1 after thermal treatment of polyamic acid films. The formation of polyimides were confirmed by IR spectroscopy and elemental analysis.
Properties of Polymers. Non-fluorine polyimides derived from 4,4-diaminotriphenylamine were soluble in organic solvents such as NMP and m-cresol. [ 11 ] However, all the perfluoroalkylated polyimide films (IV) were quite insoluble in any organic solvents studied here including NMP, HMPA, DMSO, m-cresol, 1,3-dimethyl-2-imidazolidone, and 8, No. 1995 hexafluoroisopropanol. These fluorine-containing polyimides showed good chemical resistance. Table II lists the tensile properties and thermal properties of the films of polyimides. The films had moderate mechanical properties, namely tensile strength of 53-73 MPa, elongation at break of 5-11 %, and tensile modulus of 1.3 GPa. All the polymers showed a similar decomposition behavior characterized by no weight loss below 450 °C in air or nitrogen. The temperatures at which 10 % weight loss was observed for these polymers were in the range of 490-510 °C in air and 510-530 °C in nitrogen. The polymers undergo carbonization upon nonoxidative degradation in nitrogen, leaving a char yield of 40-45 % at $00CC. The glass transition temperatures (Tgs) of the polyimides were found to be in the range of 234-247 °C, but Tgs of two polymers from pyromellitic dianhydride and 4,4' -sulfonyldiphthalic anhydride could not be detected up to 400 °C by DSC. The lower Tg values of the polyimides (IV) than that of non-fluorine containing polyimides from 4,4-diaminotriphenylamine [11] may be attributed to the loose packing of the polymer chains caused by low cohesive force of perfluoroalkyl pendant groups.
In general, polymers having perfluoroalkyl chain possess many specific characters such as high repellency against water and oil, and excellent chemical and heat stabilities. Among them, the high surface repellency is the most specific characteristics for the fluorine-containing polymers.
The water and oil repellency of the polymer surface was evaluated by measuring contact angles (8 ) of water and methylene iodide on the sample films, respectively. The surface free energy (YS) of the polymers, which is given as the sum of the energies derived from yd and Y p, was S S estimated from the observed contact angles by applying the eq. The results as well as the corresponding values for "Kapton" and "Teflon" films are summarized in Table III . The air-side surface of cast films of polyimides showed much higher contact angles of water and methylene iodide of 97-98 ° and 68-69 °, respectively, resulting in lower surface free energy of 30 erg/cm2, compared with those for "Kapton" film. The surface free energy of the glass-side surface of the cast film of the polymer was the same value as that of air-side surface of the film. This indicates that the perfluoroalkyl segments exist uniformly in the polymer film.
Conclusion
The perfluoroalkylated aromatic polyimides having high molecular weights were successfully prepared from the novel fluorine-containing aromatic diamine, N,N-bis(4-aminophenyl)-4-per-287 
